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ABSTRACT
A relatively stable, solid complex of p-cyclodextrin with l-(5- 
cyanonaphthyl)diazom ethane is m ade. Pyrolysis of the  solid complex 
produces carbene in term ediates w hich undergo insertion reactions w ith the 
hydroxyl groups of the  p - cy clod ext rin. Insertion is probably selective for the 
C3 hydroxyl and  is u n u su a l in its binding streng th  while in solution 
m aking separa tion  and  identification of the regioisomers difficult.
vi
SYNTHESIS AND INCLUSION OF 
1 -(5 -CYANONAPHTHYLJDIAZOMETHANE
WITH
P-CYCLODEXTRIN
INTRODUCTION
Cyclodextrins (CDs) rep resen t an  exciting and  relatively new focus in 
carbohydrate  research  and  industry . Although CDs were first isolated in 
1891,1 th e  la s t two decades have seen cyclodextrin research  grow 
exponentially. The m ain in te rest in cyclodextrins lies in th e ir ability to  act 
as  h o s t m olecules which can  include guest molecules or p a rts  of m olecules, 
bo th  in  th e  solid s ta te  as well as in solution. These inclusion  complexes 
have v ast im plications both  in the  scientific and  in d u stria l worlds.
In d u stria l applications have reached the pharm aceutical, agricultural, 
food, an d  cosm etic industries. The recent explosion of cyclodextrin 
research , w hich h as  provided the  realization of industria l scale production 
com bined w ith a  reassu ring  toxicity profile, h as  enticed m any  o ther 
in d u strie s  to  follow the ir lead.
The surge in  cyclodextrin technology can  be exemplified in the  
pharm aceu tica l an d  agricu ltu ral industries, w here over one th ird  of all 
in d u stria l cyclodextrin p a ten ts  are held.2 The un ique inclusion properties 
of cyclodextrins are responsible for the  swell of in te rest. The inclusion 
com plex form ation of a  com pound, in  th is case a  d rug  or pesticide, resu lts
in the  m odification of its physical an d  chem ical properties w hich can  often 
be advantageous for drug  therapy  or agricultural technology. These 
include, am ong o thers, transform ation  of liquid com pounds into a  more 
stab le  crystalline form, m asking  of an  unw anted  sm ell or taste , and  mixing 
of incom patible com pounds due to the  protection of one of the com ponents 
by inclusion  complex form ation.3
The bioavailability of poorly soluble drugs and the efficiency of sparingly 
soluble pesticides can  also be enhanced  by cyclodextrin com plexation.4 
W hen included, the  degree of solubility as well as the  ra te  of d isso lu tion  of 
th ese  poorly soluble su b stan ces  can be extraordinarily  increased. 
Cyclodextrins can  also provide physical an d  chem ical stab ility  to  volatile 
d rugs or pesticides. S tabilization from evaporation, oxidation, 
decom position, disproportionation, and  polymerization as  well a s  protection 
for light, acid, or base sensitive com pounds are ju s t  a  few advantages th a t 
inclusion  can  provide.5
It is im portan t to  note th a t no t all drugs or pesticides are  com plexable 
w ith cyclodextrins. In fact, only abou t 10% of orally adm in istered  drugs 
seem  to  be com patible w ith inclusion complex form ation,6 b u t th a t  in  itself 
m ay one day rep resen t a  m ulti-m illion dollar cyclodextrin m arket.
S tabilization of food flavors and  fragrances also com prises a  large 
m ark e t for cyclodextrins. Both th e  food and  cosm etic in d u strie s  have 
discovered th a t inclusion com plex form ation rep resen ts an  efficient and
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4increasingly  inexpensive m ethod in the elim ination of hygroscopicity, 
undesired  odors and  ta s te s , as well as microbiological and  o ther 
undesirab le  co n tam in an ts .7 This is again the resu lt of the  inclusion 
com plex’s protection of the  guest m olecule against oxidation, light-induced 
reactions, therm al decom position, evaporation, and  sublim ation, which 
tend  to  p lague m any of the  p roducts of these  industries.
It is quite  clear th a t cyclodextrins have m ade a  dram atic  d eb u t in the 
in d u stria l world, b u t by no m eans are they  confined there. Cyclodextrins 
have becom e increasingly valuable in the research  world as  well. For 
in stance , cyclodextrins are  curren tly  being u sed  in the  laboratory  to 
catalyze m any  types of organic reactions,8 to  separa te  m ixtures of arom atic 
hydrocarbons th rough  com plexation,9 to determ ine the  stereochem istry  of 
selective g u est m olecules via com plexation w ith the  chiral CD h o s t,10 and  
for chrom atographic sep ara tio n .11 This com plexation ability of 
cyclodextrins also gives rise to perhaps th e ir m ajor in te rest in research , 
th a t  of th e  artificial enzyme.
S ince nearly  every biochem ical reaction is catalyzed by an  enzyme, the  
im plications of duplicating  or perhaps even im proving them  using  m an- 
m ade enzym es are certainly  vast. N atural enzym es catalyze biochem ical 
reac tions by b inding sm all su b s tra te  m olecules into an  active site  while th e  
catalytic groups of the  enzyme are held nearby  so th a t  they  all m ay in te rac t 
effectively. Enzym atic catalysis is extrem ely selective an d  is often u n d er
strong  geom etric control resu lting  in products w ith quite specific spatial 
arrangem ents.
Sim ilarly, cyclodextrins possess the  ability to b ind su b s tra te  m olecules 
in to  th e ir  in terio r cavities and  are also extremely selective in doing so due 
to  size, shape, an d  polarity considerations of the  su b s tra te .12 By modifying 
th e  cyclodextrins, w hether it m ay be m onosubstitu ted , d isubstitu ted , 
capped, or jo ined w ith ano ther to form a  duplex, even g reater specificity can 
be achieved while sim ultaneously  increasing already large accelerations in 
reaction  ra te s . As a  resu lt, a  large proportion of cu rren t research  involves 
th is  chem ical m odification of cyclodextrins.
The research  in th is  paper focuses on the  modification of p-cyclodextrin 
th ro u g h  th e  syn thesis and  inclusion of a  p articu lar reactive cyanonaphthyl 
gu est com pound in to  p-cyclodextrin w ith the  prospect of designing a  
specific, te thered , CD h o st capable of acting as a  photo induced electron- 
tran sfe r sensitizer to a  variety of included guests.
BACKGROUND
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Cyclodextrins
Discovered by Villiers in 1891, cyclodextrins are produced by the  action 
of the  am ylase of Bacillus macerans on s ta rch  and  o ther sim ilar 
com pounds.13 However, it w as no t un til several years la ter when 
S chard inger first isolated them  and  could describe the ir preparation . He 
found th a t cyclodextrins are cyclic oligosaccharides com posed of a-( 1,4)- 
linked D(+)-glucopyranose u n its  in the  C l (chair) conform ation. The three 
m ost ab u n d a n t hom ologues consist of 6, 7, and  8 glucose u n its  and  are 
designated as a-, p-, an d  y-cyclodextrin respectively (Fig. 1). Homologues 
of u p  to 12 glucose u n its  have also been reported, b u t th e ir  isolation is 
uncom m on m aking the ir s tru c tu ra l characterization difficult. Cyclodextrins 
w ith less th a n  six glucose rings cannot be form ed due to steric 
h in d e ran ces .14
Figure 1: S tru c tu res  of a-, p-, and  y-Cyclodextrins.
7As a  consequence of the  cha ir conform ation of the  glucopyranose un its , 
cyclodextrins have a  V -shaped hydrophobic cavity, a  hydrophilic face, and  
th e  shape  of a tru n ca ted  cone. The secondary hydroxyls (on the  C2 and  C3 
atom s of th e  glucose un its) are  located on the  wider side of the  cone and 
the  prim ary  hydroxyls (on the  C6 atom s of the  glucose un its) are  located on 
the  opposite side, w hich is narrow er due to the  free ro tation  of the  prim ary 
hydroxyls th a t  effectively reduce th e ir diam eter and  allow them  to partially  
block an  opening of the  cavity .15 The secondary hydroxyls im p art rigidity 
to  th e  CD s tru c tu re  due to hydrogen bonding w ith secondary  hydroxyl 
g roups of th e ir neighboring glucose un its . A relatively apo lar cavity is 
created  due to the  presence of a  ring of C-H groups, a  ring of glycosidic 
oxygen bridges, and  an o th e r ring of C-H groups. The non-bonding  electron 
p airs  on th e  oxygen bridges are also directed tow ard the  cen ter of th e  cavity 
p roducing  a  high electron density  w ithin the  hydrophobic cavity (Fig. 2).
Figure 2: M olecular S tru c tu re  of p-Cyclodextrin.
8.0 A
8Cyclodextrins are  easily dissolved in w ater, with the ir solubility being 
a  function  of th e  hydrogen bonding between the  secondary  hydroxyls. ($- 
Cyclodextrins possess the  strongest hydrogen bonding system , m aking 
th em  the  least soluble. Their system  is un ique since the  hydrogen bonds 
inside th e ir cavities form a  com plete ring unlike the hydrogen bonds in a- 
or y-cyclodextrins.16
Crystallization of cyclodextrins in an  aqueous solution produces "empty" 
species w ith th e ir  cavities no t really empty, b u t filled w ith w ater m olecules. 
However, if an  excess of a  guest com pound is added to th e  cyclodextrin 
so lu tion , th e  resu lting  inclusion complex can  be Isolated in  crystalline form. 
Packing of th ese  cyclodextrin com plexes w ithin the  crystal la ttice occurs in 
one of two m odes described as channel or cage s tru c tu re s  according to the 
overall appearance of the  cavities form ed.17 In th e  channel type complexes, 
th e  cyclodextrin m olecules are  aligned on top of each o th e r form ing a  long 
row or channel. This alignm ent is stabilized by hydrogen bonding  between 
th e  prim ary  and  secondary  hydroxyls of neighboring m olecules. In th e  cage 
type s tru c tu re s , th e  cavity of one cyclodextrin m olecule is blocked off on 
bo th  sides by an o th e r cyclodextrin molecule forming sm all isolated cavities. 
The form ation of a  channel s tru c tu re  seem s to be preferred by large or ionic 
m olecular guests  while sm aller com pounds prefer th e  caged s tru c tu re s .18
9Inclusion Complexes
As m entioned  previously, cyclodextrins are un ique as well as valuable 
due  to th e ir ability to form inclusion complexes w ith various com pounds. 
Inclusion  com plexes are  m olecular com pounds in w hich one com pound 
(host molecule) spatially  encloses ano ther. The enclosed com pound (guest 
m olecule) is s itu a ted  in the  cavity of the  h o st w ithout significantly affecting 
th e  h o s t fram ew ork s tru c tu re  ap a rt from a  slight deform ation in the  size 
an d  sh ap e  of the  h o s t cavity.19 Cyclodextrins m ay ac t a s  h o s t for a  variety 
of g u es t com pounds ranging  from polar reagents such  as acids an d  am ines, 
to  sm all ions su ch  as  halogen anions, to highly apo lar a liphatic  and  
arom atic  hydrocarbons.20 Inclusion  complexes can  be form ed bo th  in 
so lution, w ith w ater as the  p rim aiy  solvent, or in the  crystalline sta te .
The h ost-guest rela tionsh ip  of inclusion complexes is qu ite  specific. 
G eom etric ra th e r  th a n  chem ical factors are  decisive in determ in ing  w hich 
g u es t m olecules can  pene tra te  th e  h o st cavity.21 Only com pounds having 
a  size w hich is com patible w ith the  dim ensions of th e  h o s t cavity m ay be 
included. In th e  case of th e  th ree  prim ary  hom ologues of cyclodextrins, a-, 
p-, an d  y-cyclodextrins possess in te rna l cavities of different d iam eters and  
th u s  will correspondingly accom m odate m olecules of different sizes. This 
is well dem onstra ted  w ith inclusion  stud ies of halogenated  benzenes.22 
D ata  have show n th a t  chlorobenzene, the  sm allest g u es t of those stud ied ,
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could form  a  true , 1:1 guestrhost complex with a-cyclodextrin, which 
p ossesses th e  sm allest cavity, b u t proved to be too sm all to complex 
effectively w ith the  larger p- or y-cyclodextrins. Som ew hat larger 
brom obenzene w as able to  com plex w ith both  a- and  p-cyclodextrins, while 
th e  iodobenzene, the largest of th e  th ree guest molecules, form ed inclusion 
com plexes w ith bo th  p- and  y-cyclodextrin molecules, b u t w as too large to 
include w ith a-cyclodextrins.
The g u est m olecule is arranged  in su ch  a  position to achieve m axim um  
co n tac t betw een the  hydrophobic regions of the  guest an d  th e  apolar 
cyclodextrin cavity. The hydrophilic p a rt of the  guest m olecule rem ains as 
far from th e  cavity as possible to in su re  m axim um  con tact w ith bo th  the  
solvent as well as the  hydroxyl groups of the  host. In som e guest 
m olecules, th is  hydrophilic region m ay be quite large. Com plexation in th is  
m an n e r is achieved in su ch  a  fashion th a t  only certain  hydrophobic groups 
or side ch a in s m ay penetra te  the  h o st cavity.
S tereoelectronic requirem ents also play an  im portan t role in 
determ ining  a  proper guest-host relationship . This can  be dem onstra ted  
by th e  inclusion  preference of testosterone over cortisone aceta te  in to  p- 
cyclodextrin by a  factor of four.23 A lthough these  two g u est com pounds 
have very com m on s tru c tu ra l features, the  hydroxyl group  in testoste rone 
is relatively u n o b stru c ted  w hereas cortisone aceta te  b ears  a  bulky  side 
cha in  th a t  sterically  crowds the  hydroxyl group (Fig. 3).
Figure 3: S tru c tu re s  of Testosterone and  Cortisone Acetate.
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The ex ten t of com plex form ation is also highly dependen t on the  
polarity  of th e  g u es t molecule. This is exemplified by the  fact th a t  strongly 
hydrophilic, hydrated , or ionized m olecules are n o t significantly 
com plexed.24 Similarly, the  stability  of the  complex is also a  function  of the  
hydrophobic ch a rac te r of the  su b s titu e n ts .24 This can  be illu stra ted  by the  
increase  in stab ility  produced by the  addition of a  m ethyl or ethyl g roup  in 
a n  o rtho  position to  a  carbonyl group. These su b stitu tio n s  provide a  
sh ield ing  effect on the  carbonyl group an d  increases the  hydrophobic 
ch a rac te r  of th e  whole m olecule th u s  increasing  its com plexability.
The driving force beh ind  the  inclusion of a  guest m olecule in to  a  
cyclodextrin cavity is essentially  the  su b stitu tio n  of th e  included w ater 
m olecule w ith th e  m ore apolar guest. A lthough th is  driving force is still no t 
fully understood , it is certain  th a t it is the  re su lt of several factors.25,26 
These include V an der W aal an d  hydrogen bonding in teractions betw een
12
g u est an d  host, the  release of cyclodextrin ring s tra in  upon  com plexation, 
and  su b stitu tio n  of the  energetically unfavorable ap o la r/ polar bonding 
betw een the  cyclodextrin cavity and  the included w ater molecule w ith the  
favored ap o la r / apolar in teraction  between the  cavity and  the  included 
gu est m olecule. W ith th is substitu tion , a  fu rth e r stabilizing increase in 
en tropy  of th e  solvent also resu lts  as the  once included w ater m olecules 
jo in  those  already in the  solvent m edium . The ex ten t to w hich each of 
th ese  factors will con tribu te  is dependent upon  the  n a tu re  of th e  guest 
com pound to  be included.
P repara tion  of cyclodextrin inclusion com plexes can  range from  being 
quite sim ple to  extrem ely difficult and  is dependen t u p o n  th e  ch a rac te r of 
the  g u est com pound. In principle, no solvent is necessary  for inclusion 
com plex form ation as com plexes have been synthesized by m ixing the  
crystalline h o s t and  guest together and  storing them  a t  am bien t 
tem p era tu res  over a  period of several m on ths.24 Obviously th is  m ethod is 
too slow to be p ractica l and  as a  resu lt, com plexation is u sua lly  perform ed 
in th e  p resence of a  solvent, predom inantly  w ater.
Cyclodextrin inclusion  com plexes are typically p repared  by th e  addition 
of th e  g u est com pound, or m ore often a  so lution contain ing  th e  g u est 
com pound, in to  an  aqueous solution of cyclodextrin. This m ixture is often 
s tirred  or sh ak en  for several h o u rs  to  prom ote inclusion . Alternatively, 
com plexation m ay be achieved by adding the  g u est com pound to  an
13
aqueous su sp en sio n  of cyclodextrin or even by kneading  the  guest into a  
cyclodextrin p as te .27 These m ethods as well as the  reaction tim es and  
tem p era tu res  will vaiy  w ith the  n a tu re  of the guests.
Following th e  p reparation  of the  Inclusion complex, analysis of the 
com plex is necessary  to  in su re  th a t the  inclusion w as tru e  and 
hom ogeneous. It is often the  case th a t m any com pounds are poorly 
com plexed or can n o t be complexed a t all. O thers m ay form com plexes in 
solution, b u t n o t in th e  solid s ta te , and  in m any in stances, th e  p roduct is 
a  m ixture of th e  complex, the  uncom plexed g u est an d  th e  "empty" 
cyclodextrin. The m ethods of analysis also vaiy  upon  the  p a rticu la r guest 
to be included an d  range from therm oanalytic, to  spectroscopic, to 
chrom atographic techn iques.28
O f p a rticu la r in te rest are  th in  layer chrom atography (TLC) an d  nu c lear 
m agnetic resonance (NMR). In TLC, com plexation can  be determ ined by the  
analysis of th e  Rf values of the  com plex in com parison to th e  p u re  guest 
com pound.29 An inclusion  com plex is verified w hen th ese  Rf values are 
considerably  lower for th e  complex. NMR provides th e  h ighest degree of 
inclusion  com plex verification.30 In NMR, chem ical sh ifts of th e  shielded 
hydrogen atom s (C3-H an d  C5-H), w hich are located inside th e  cyclodextrin 
cavity are  com pared  to th e  unsh ie lded  hydrogen atom s (C2-H, C4-H, and  
C6-H), w hich are  s itu a ted  on th e  ou ter face and  will show  no  chem ical 
sh ifts. The ex ten t of these  shifts determ ines the  position of the  guest
m olecule w ithin  th e  cyclodextrin host. I3C NMR is also a valuable tool for 
inclusion  com plex analysis. Here again, the  change in chem ical shift is a  
function  of the  degree of in teraction  between guest an d  host. S pectra  can 
determ ine w hich carbon  atom s of the  guest are located w ithin the  host as 
well as  th e ir orientation.
Diazo Compounds
Diazo com pounds are m olecules containing two n itrogen atom s joined 
together w here one of the  nitrogens is a ttached  to a  single carbon  atom . 
There h a s  been m uch  in te rest in  diazo com pounds for m any years because 
of th e ir  u sefu lness as  p recu rso rs for carbene in term ediates, w hich are 
form ed in the  photolysis an d  therm olysis of diazo com pounds.
D iazom ethane is th e  sim plest diazo com pound an d  as  such , h as  served 
as a  prototype for th e  re s t of th e  family. Its classical s tru c tu re  m ay be 
considered a  resonance hybrid  of several p lan ar s tru c tu re s , an d  as  a  result, 
can  assu m e  th e  properties of a  carbene source, an  acid, or a  b ase .31
Figure 4: Bond Angles an d  Bond Lenghts in D iazom ethane.
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For m any  years there  w as controversy concerning d iazom ethane’s s tru c tu re  
(Fig 4) u n til electron diffraction and  microwave spectroscopic experim ents 
show ed th a t  the  group is p lanar, and  the  C-N-N angle is 180°.32,33 
N oninteger bond orders of 2 .66 for N-N and  1.38 for N-C were derived from 
th e  force co n stan ts  for the  respective IR frequencies of CH214N15N and  
CH214N2.34 These resu lts  can  b es t be explained by an  exam ination a t 
d iazom ethane’s resonance s tru c tu re s  (Fig. 5), w ith s tru c tu re s  A and  B 
being th e  m ain  co n tribu to rs .35
Figure 5; R esonance S tru c tu re s  for D iazom ethane.
A B c
H2C’ — N+ = N :  <---- ► H2C = N + = N : "  <---- ► H2C“— N = N :
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H2c — N = N :  <----- ► h 2C+ — N = N : ‘
E D
M olecular orb ital theory  can  also be u sed  to  explain th e  linearity  of 
d iazom ethane .with sp2 hybridization of the  diazo carbon  an d  sp  
hybridization of the  two nitrogen atom s. Two of th e  six  electrons occupy 
th e  jty orbital and  the  rem aining  four electrons reside in  th e  two jix orbitals 
(Fig. 6). According to th is  theory, th e  h ighest occupied m olecular orbital 
(HOMO) in d iazom ethane is a  th ree-cen ter orbital w ith  a  nodal p lane 
p erpend icu la r to  th e  z axis contain ing  the  cen tral N atom .36
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Figure 6: M olecular O rbital Configuration for D iazom ethane.
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The original m ethod used  for th e  syn thesis of a liphatic  diazo 
com pounds involves the  decom position of the  corresponding am ine (Fig. 
7).37 However, th is m ethod som etim es fails to produce the  desired  diazo 
com pound, depending on the  su b s titu en ts  Rt and  Rj. The in term ediate  
d iazonium  ion (B) is converted to  the  diazoalkane (C) only w hen 
depro tonation  is facilitated by dipolar groups in the  a  position, su ch  as 
halom ethyl, cyano, acyl, or phosphoryl groups. In cases w here th is 
condition is no t m et, n itrogen elim ination to the  carben ium  ion (D) is 
favored over th e  deprotonation  ro u te .38
Figure 7: D iazotization of Amines.
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W hen one of th e  su b s titu en ts  is an  arom atic group, th e  diazo
com pound can  be obtained by the  dehydrogenation of the  corresponding 
hydrazone (Fig. 8).39 M ercuric oxide w as u sed  alm ost exclusively as the 
oxidizing agen t u n til the  1960’s w hen silver oxide, m anganese dioxide and  
lead (IV) aceta te  were found to be efficient a lternatives.40 The lim iting factor 
of th is  preparitive m ethod is, in som e cases, the  syn thesis of the  required 
hydrazones from  a  carbonyl com pound and  hydrazine. U sually no difficulty 
is encoun tered  for aldehydes an d  m onoketones or for di- and  triketones 
w here one carbonyl group is m ore reactive th a n  the  other.
Figure 8: D ehydrogenation of Hydrazones.
R 1n HgO r 1n
C =  N —NH2 ---------► C =  N2
r 2/ r /
Of p a rticu la r in te rest is the  Bam ford-Stevens reaction  in w hich p- 
to luenesulfonylhydrazones of aldehydes and  ketones undergo  a  base 
catalyzed th e rm al decom position w ith the  loss of p-to luenesuffinate to give 
in term edia te  diazo com pounds (Fig 9).41
Figure 9: Bam ford-Stevens Reaction.
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D iazoalkanes have been  frequently  synthesized by the  vacuum  pyrolysis of 
dry  lith ium  or sod ium  sa lts  of the  tosyl-hydrazones, b u t m ore frequently 
th e  B am ford-Stevens reaction is used  as a  m ethod of in situ  form ation and  
decom position of diazo com pounds. The decom position pathw ay can be 
categorized as e ither carbenic (path  1), in w hich nitrogen is expelled to give 
a  divalent in term ediate  or as cationic (path  2), in  w hich a  d iazonium  or 
carbon ium  in term edia te  is form ed by the  coordination w ith  an  electron 
deficient reagen t su ch  as an  acid. The n a tu re  of the  solvent, effects from 
th e  b ase  u sed  to  catalyze the  reaction, as well as  th e  general s tru c tu re  of 
th e  tosylhydrazone will com bine to  effect the  ra te  of carbenic as  opposed to 
cationic decom position.
The th e rm al or photochem ical decom position of diazo com pounds to 
form  reactive carbene in term ediates provides a  m ajor syn thetic  tool for the  
organic chem ist. For th e  the rm al decom position of d iazom ethane (Fig. 10) 
th e re  are  th ree  different pathw ays:
Figure 10: Therm olysis of Diazo Com pounds.
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a  un im olecu lar decom position w ith the  expulsion of nitrogen leading to the 
carbene (path  A), a  b im olecular decom position w ith the  expulsion of 
n itrogen to give an  azine s tru c tu re  (path  B), and  reaction w ith the solvent 
or an o th e r su itab le  reac tan t before the nitrogen cleavage (path  C).42 
Com petition betw een the  pathw ays is dependen t upon  th e  n a tu re  of the 
diazo com pound, th e  solvent, as well as the  reaction  tem pera tu re . For 
ex am p le , d ia z o d ip h e n y lm e th a n e  gives p r im arily  u n im o le c u la r  
decom position p ro d u c ts43 while 1-diazo-1-phenylethane prim arily  gives 
azine p roducts  p roduced  by the  bim olecular decom position.44 In con trast, 
an d  as in m any  in stances, both  the  uni- an d  bim olecular pathw ays 
com pete in  the  decom position of d iazophenylm ethane a t  elevated 
tem p era tu res  in  acetonitrile .45 The th ird  decom position pathw ay (path  C) 
only is significant w hen extrem e solvent conditions su c h  as  h igh alcohol 
concen tra tions are  u sed .46
Sim ilarly, th e  decom position of diazo com pounds can  be accom plished 
photochem ically  (Fig. 11).
F igure 11: Photolysis of Diazo Com pounds.
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Their irrad ia tion  w ith light betw een 200 an d  500 nm  will give two m ain 
reaction  pathw ays th a t are  dependen t upon the s tru c tu re  and  su b stitu tio n  
of th e  p a rticu la r diazo com pound. The first involves nitrogen elim ination 
leading to  the  carbene (path  X) and  the  second is a  reversible 
rearran g em en t to  a  diazirine s tru c tu re , a  cyclic valence isom er (path  Y).47
Carbenes
A carbene is a  m olecule contain ing  a  divalent carbon  th a t  bears an  
u n sh a re d  p a ir of electrons. C arbenes Eire highly reactive, have sh o rt 
lifetimes, an d  m ay exist in one of two different electronic s ta te s  (Fig. 12). 
The trip le t s ta te  is form ed w hen the  non-bonding orb itals are  of nearly  
equal energy. The non-bonding electrons will fill th ese  two unoccupied  
orb itals an d  have parallel sp ins. In the  singlet sta te , th e  non-bonding 
electrons have sufficiently different energies so th a t  th e  non-bonding 
electrons becom e paired  an d  occupy the  lower energy orbital.
Figure 12: S tru c tu re s  of S inglet and  Triplet C arbenes.
SINGLET TRIPLET
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A
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D epending on th e  m ode of generation, a  carbene m ay be form ed in either 
th e  trip le t or the  singlet s ta te  no m a tte r which s ta te  is m ore stab le ,48 and 
as  a  re su lt of th e ir different electronic configurations, they  will possess 
different geom etries and  chem ical reactivities.
In the  singlet carbene the  two u n sh a red  electrons occupy an  sp 2 orbital 
an d  an  unoccupied  p  orbital rem ains. The R-C-R angle is som ew hat lower 
th a n  th e  expected 120° due to th e  electronic repu lsions betw een the  
u n sh a re d  electron pair and  the  electrons in the  two bonding orb itals. This 
w as confirm ed from electronic sp ec tra  of :CH2 formed in  th e  flash  photolysis 
of d iazom ethane w here the  singlet s ta te  of :CH2 w as found  to  be 
significantly b en t w ith an  angle of abou t 103°.49 A lin ear s tru c tu re  is 
p red icted  in the  corresponding trip let carbene s tru c tu re  form ed from  sp  
orb itals w ith th e  u n p aired  electrons being in two equivalent p  orbitals. 
However, electron param agnetic  resonance m easu rem en ts m ade on trip le t 
:CH2 trap p ed  in  m atrices a t very low tem pera tu res (4K) show ed th a t  its 
s tru c tu re  is also significantly ben t w ith an  H-C-H angle of 136°.50
B oth theoretical an d  experim ental stud ies are  co n sis ten t w ith th e  trip let 
ca rbene s tru c tu re  being th e  ground  sta te . M olecular o rb ital calculations 
show  th a t  th e  difference in energy between singlet an d  trip le t CH2 is abou t 
9 to  11 k ca l/m o l.51
Adding su b s titu e n ts  to a  carbene can  favor one s ta te  over th e  other. 
S u b s titu e n ts  th a t  ac t as  electron p a ir donors su c h  as  halides ten d  to
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stabilize th e  singlet s ta te  over th e  trip le t s ta te  by the  delocalization of an  
electron p a ir  in to  the  em pty p-orbital.52 These singlet carbenes m ay be 
classified as am biphilic, nucleophilic or electrophilic based  on the ir 
reactivity tow ard different nucleophilic or electrophilic com pounds. It is 
th is  degree of n delocalization produced by electron donating  su b s titu en ts  
th a t  will also determ ine th e  reactivity of th e  carbene.
There are  n u m ero u s m ethods for th e  generation of carbene 
in te rm ed ia tes and  of p articu la r in te rest is th e ir generation  th ro u g h  th e  
decom position of diazo com pounds. As d iscussed  previously, th is  
decom position m ay be accom plished th rough  therm olysis or photolysis, b u t 
often tim es is lim ited due  to th e  fact th a t diazo com pounds a re  often 
u n s tab le  an d  often n o t easily synthesized. As a  resu lt, th e  decom position 
of th e  diazo is perform ed in  s i tu .
The m echan ism s of carbene reactions an d  th e ir corresponding  syn thetic  
app lications can  b es t be understood  by exam ining th e ir  reac tions w ith 
various com pounds. The addition of carbenes to th e  double bonds of 
a lkenes to  form  cyclopropane derivatives h as  received th e  g rea test am o u n t 
of a tten tio n  (Fig. 13). If th e  singlet species of th e  carbene ad d s to  th e  
alkene (path  A), th e  geom etrical rela tionsh ip  of th e  a lkene su b s titu en ts  
shou ld  be re ta ined  since the  form ation of the  two new  cyclopropane C-C 
bonds shou ld  occur either sim ultaneously  or w ith one rap id ly  succeeding 
ano ther. However, if the  a ttac k  is by the  trip let species (path  B), the  two
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u n p a ired  electrons canno t both  form new covalent bonds since they  have 
parallel sp ins . As a  resu lt, one of the  unpaired  electrons will form a bond 
w ith an  electron from  the  double bond th a t h a s  the  opposite sp in  leaving 
two u n p a ired  electrons w ith the  sam e spin. These unpaired  electrons w ith 
parallel sp in s m u s t th en  w ait u n til by som e collision process, one of the 
electrons can  reverse its spin . D uring th is tim e, there  is free ro tation  abou t 
th e  C-C bond an d  a  m ixture of geom etrical isom ers will re su lt depending 
on th e  olefin su b s titu tio n .53
Figure 13: S inglet an d  Triplet C arbene Addition Reactions.
These re su lts  show  th a t  carbenes form ed as singlet species, w hich 
m ay in  tim e decay to  the  m ore stab le  trip le t sta te , often are  so reactive th a t  
they  generally reac t before in tersystem  crossing can  occur. However, 
depending on th e  m ethod of generation, m any  carbenes can  reac t as
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trip le ts an d  still o thers display a  m ixture of both  singlets and  triplet 
reactivity.54 Thus, the  reactive sp in  s ta te  of a  carbene is no t always the 
g round  sta te , and , as  a  resu lt, th e  prediction of the m ultiplicity of the 
reacting  carbene is som etim es quite difficult. The determ ination  of the 
su b se q u en t reaction  p roducts is also difficult due to the  differences in the 
stereospecificity an d  selectivity between the  singlet an d  trip le t s ta tes .
O f p a rticu la r in te rest is th a t in  carbene insertion  reactions w ith 
alcohols, C-H bonds are usua lly  m ore reactive w ith th e  trip le t s ta te  while 
C-OH bonds are  u su a lly  m ore reactive w ith the  singlet s ta te .55 Similarly, 
in  carbene insertion  reactions w ith chlorinated hydrocarbons, singlet 
carbenes prefer C-Cl bonds w hereas the  trip le t species again  prefers C-H 
b o n d s.56
R eaction conditions are  also a  factor in the  determ ination  of the  
m ultiplicity  of the  reacting  carbene. For instance, th e  reaction  from  the  
trip le t s ta te  dom inates a t  low tem peratu res, in the  p resence of a n  in e rt gas, 
or w ith  certa in  sensitizers du ring  photolysis.57
Cyclodextrins in Photochemical Reactions
O rganic chem ists have long recognized the  im p o rtan t role th e  reaction  
m edia plays in controlling reaction  ra tes , p ro d u ct d istribu tion , and  
stereochem istry . Recently, an  increased  effort h a s  been  d irected tow ard the  
u se  of organized m edia to modify bo th  therm al as well a s  photochem ical
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reactivity. The goal of these  stud ies is to increases bo th  th e  ra te  and  
selectivity of th e  chem ical processes involved in m uch  the  sam e m anner 
th a t  enzym es are able to c a n y  ou t selective reactions on target 
su b s tra te s .
Cyclodextrins are a  relatively new type of organic m edia w hich have 
been show n to affect m any photochem ical and  photophysical properties due 
to  th e  restric tion  an d  organization of the  chem ical environm ent provided by 
th e  cyclodextrin cavity. The in terior of the cavity is essentially  an  isolated 
environm ent th a t  will constra in  its guest by restric ting  its m otion an d  by 
stabilizing certa in  conform ations w hich m ay be less favored in solution. 
The reactive sites of th e  en trapped  species m ay be encircled by th e  CD, 
and , as  a  resu lt, will be protected from chem ical reagen ts or reactive 
in term edia tes. E ncapsu la tion  m ainly restric ts  the  chem istry  of the  
inc luded  species to  in tram olecu lar events, except in th e  case  of m ultiple 
occupation  of cavities. In addition, the  hydrophobic n a tu re  of th e  cavity 
will also  p ro tec t p rocesses th a t  are  sensitive to solvent or dielectric effects. 
These fea tu res allow cyclodextrins to function as a  m icroenvironm ent for 
pho to transfo rm ations th a t  com bine conform ational control, site selectivity, 
an d  restric tion  of m otion.58
The m icroenvironm ent effect is quite ap p aren t in  th e  photochem istry  of 
benzoin alkyl e th ers  com plexes w ith p-cyclodextrin.59 U pon irradiation, 
benzoin alkyl e thers are  know n to undergo N orrish Type I reaction
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pathw ays as th e ir  m ajor photoprocess in isotropic organic solvents. The 
com peting Type II reaction  pathw ay, although feasible in th ese  su b stra te s , 
is no t observed to any  significant extent. Upon com plexation (1:1) w ith p- 
cyclodextrin an d  su b seq u en t irrad iation , only Type II p roducts  are  formed. 
S ince Type II pho toproducts re su lt from yhydrogen  abstrac tion , these  
re su lts  can  b es t be explained by suggesting th a t th e  CD im poses a  
conform ation in  w hich the  benzene ring is located w ithin th e  cavity an d  the  
alkyl group rem ains ou tside w here it is su itab le  for y-hydrogen abstrac tion . 
Sim ilarly, com plexation an d  irrad iation  of a-alkyl dibenzyl ketones w ith p- 
cyclodextrin60 gives prim arily  N orrish Type I pho toproducts, w hereas in  an  
aqu eo u s system , photolysis resu lts  in a  m ixture of p ro d u cts  form ed from 
bo th  pathw ays. These resu lts  can  be explained by suggesting  a  CD 
im posed conform ation w here both  th e  benzene ring a s  well a s  th e  alkyl 
group  are  located w ithin  th e  cavity, th u s  restric ting  th e  yh y d ro g en  
abstrac tion .
C hem ical m odifications of the  cyclodextrin w ith reactive functional 
g roups ad jacen t to  th e  binding site  can  provide even m ore pow erful system s 
for photochem ical reactions. C apping or te thering  n o t only increases the  
hydrophobic b inding of som e guests, b u t also provides in  som e cases, som e 
energetic in te rac tions betw een th e  h o s t and  guest due  to th e ir  u n u su a lly  
close proxim ity.
E nergy tran sfe r  h as  been show n to occur betw een th e  benzophenone-
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p ,p ’-dicarboxylate capped (3-cyclodextrin and  several naph thalene derivative 
g u ests  (Fig 14, A).61 Irradiation  of the  benzophenone m oiety yields 
phosphorescence from bo th  the  h o s t benzophenone cap as well as the  guest 
n ap h th a len e  derivatives. The trip le t energy tran sfe r w as estim ated  to  be 
60% from  h o st to g u est and  is quite specific for host-guest com binations of 
exact s tru c tu ra l recognition61 as no energy tran sfe r w as observed from the  
benzophenone cap  to very hydrophilic a n d /o r  bu lky  energy acceptors.
F igure 14: Modified (3-Cyclodextrins.
In an  a ttem p t to m im ic the  light induced  electron tran sfe r p rocess in 
pho tosyn thesis , a  porphyrin  te thered  cyclodextrin com pound h a s  been  
successfu lly  synthesized  to ac t as  an  electron donor for several included 
quinone acceptors (Fig. 14, B).62 This s tu d y  also  exam ined the  re la tionsh ip
A
I
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betw een reduction  potentials of the  acceptors relative to the  oxidation 
po ten tia ls of the  donor as well as th e  possibility of activation barriers in 
relation to th e  degree of electron tran sfe r betw een h o st and  guest.
Photochemical Electron Transfer
Since the  1970’s, th e  s tu d y  of photochem ical electron tran sfe r reactions 
h as  grown enorm ously  due in p a rt to the in te rest in  new energy supplies. 
This in trigue stem s from  the  ability to  u se  light to  drive a  
therm odynam ically  uphill reaction. R esearchers have long u nderstood  the  
basic  process, b u t th e  ability to m odel or even mim ic electron tran sfe r  h as  
proven to  be m ore complex.
In photochem ical electron transfer, a  photon  of appropria te  energy is 
u sed  to  induce a  tran sitio n  from the  ground s ta te  to  an  excited sta te . This 
tran sitio n  m ay be rep resen ted  by the  ju m p  of an  electron from  a  given 
m olecular o rb ital to  ano ther. The MO represen tation  of th e  excited s ta te  is 
partia lly  th a t  of a  rad ical cation  w ith a  half filled HOMO an d  partia lly  th a t 
of a  rad ical an ion  w ith a  h a lf  filled LUMO.63 Thus, th e  excited m olecule can  
potentially  oxidize a  donor m olecule or reduce a n  acceptor molecule. W ith 
th is  excitation com es enhanced  redox reactivity a s  acceptor-donor radical 
ion p a irs  are  form ed w hich th en  m ay undergo e ither a  back  electron 
tran sfe r  reaction  and  regenerate the  original p roducts, or diffuse ap a rt and  
undergo  chem ical reac tions leading to  new p roducts. F igure 15 illu stra tes
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th e  reaso n  for th is  redox enhancem en t.
F igure 15: Redox E nhancem en t in the  Excited S ta tes of A an d  D.
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D w hen excited to D* h as  an  electron prom oted to the  h igher lying LUMO 
w hich th en  can  be transferred  w ith less energy th a n  any  electron  in  the  
g round  s ta te  m olecular orbital. D* is therefore a  far b e tte r reducing  agent 
th a n  D due to  a  decrease in  th e  ionization potential p roduced  by the 
photoexcitation . Similarly, A* is a  stronger oxidizing agen t th a n  A because  
th e  vacancy  crea ted  in  th e  g round s ta te  HOMO increases th e  electron 
affinity of th e  excited s ta te  relative to the  ground s ta te .64
The feasibility of electron tran sfe r betw een th e  proposed donor and  
accep tor m olecules relies essentially  on therm odynam ic crite ria  an d  is 
re la ted  to  the  difference in s ta n d a rd  electrode po ten tia ls for th e  reduction
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of A an d  th e  oxidation of D. The s tan d ard  free energy change for a 
pho to induced  e lectron-transfer is given by the Rehm-W eller equation :65 
AG°et= -23.06(E°red - E ° J  - ec2/  ea - AEao 
w hich determ ines th e  viability of the  reaction.
As s ta ted  previously, the  ET step  between acceptor an d  donor in the  
g round  s ta te  is u su a lly  far too endergonic to  occur spon taneously  w ithout 
th e  p resence of a  light-induced excitation. However, the  addition of an  ET 
sensitizer, w hich ac ts as a  photo induced ca ta lyst to  the  reaction, will also 
p roduce th e  accep tor donor radical ion pair w ithout th e ir d irect excitation.66 
Defined, a  sensitizer is an  ET cata lyst th a t  is a t  least 80% regenera ted  after 
having  perform ed its function  of transform ing  th e  su b s tra te  in to  p roducts .
There a re  m any exam ples of ET sensitization, b u t th e  two m ain  featu res 
of th is  phenom enon  are th a t  the  excited s ta te  of th e  photosensitizer m u s t 
be sufficiently long-lived to have tim e to in te rac t w ith th e  su b s tra te  ( 10*6 to 
10'9 s for m ost ET steps)67 an d  correspondingly, th e  need for an  appropria te  
fit of excited s ta te  redox properties of the  sensitizer an d  g round  s ta te  redox 
p roperties of th e  su b s tra te  to in su re  a  relatively fast ET step .68 O ther 
ch a rac te ris tic s  of a  usefu l ET sensitizer include: 1) light absorp tion  in a  
region w here su b s tra te , p roducts, in term ediates or by-products do no t 
abso rb , 2) chem ical stab ility  tow ard all com ponents p resen t in th e  system , 
an d  3) photochem ical stability .68
The reaction  of an  ET sensitizer can  take  one of two form s, an d  m ost
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sensitizers are  sa id  to lie som ew here betw een the two.69 The first (1) is the 
case w here "free” excited sensitizers ac t as active oxidizing or reducing 
agen ts w ithou t com plexation w ith the  su b stra te . The alternative (2) 
involves th e  form ation of an  exciplex com plex betw een the  sensitizer and  
su b s tra te  w here the  charge tran sfer betw een the  two does no t occur 
in stan tan eo u sly . The differences betw een the  two reaction  schem es are 
illu stra ted  in Figure 16.
F igure 16: Free an d  Exciplex S ta te  Sensitizer Species.
PRODUCT
hv
* [SEN-SUB]
SUB+ SUB SUB
PRODUCT [SEN-SUB]* = SEN*-SUB ^-----► SEN-SUB*
The scope of reactions th a t  are catalyzed by th ese  sensitizers is quite 
v as t an d  is qu ite evident by th e  fact th a t  they  can  be found in nearly  every 
a rea  of syn the tic  chem istry  ranging  from  sim ple isom erizations to
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dim erizations to  com plex nucleophilic additions and  oxidations.70 It is clear 
th a t  w ith  a  b e tte r u n d ers tan d in g  of the  m echanism s of these  system s, th is 
extrem ely powerful tool will provide an  entirely different angle to organic 
chem istry .
Cyano Aromatic Compounds as Electron Transfer Sensitizers
Cyan o-arom atic com pounds have proven to be one of th e  m ost 
successfu l ET sensitizers an d  have been used  in a  variety  of photo induced  
reac tions. Isom erizations,71'75 m ixed cycloadditions,76'77 nucleophilic 
ad d itio n s,78'81 as well as  su b s titu tio n s  into C-C bonds82 have all been 
successfu lly  com pleted u sin g  specifically 1-cyanonaphthalene (1-CN) a s  a  
sensitizer. In principle, electron tran sfe r should  occur from  any  species 
th a t  h a s  Eox w hich is less th a n  th e  Ered for th e  excited s ta te  of the  
photosensitizer. Thus, m any  donor m olecules shou ld  be suscep tib le  to 
electron tran sfe r  to th e  excited s ta te  of 1-CN, w hich h a s  a  Ered of 
1.82 V.80
N orbom adiene (bicyclo[2.2. l]hepta-2 ,5-diene), w hich h a s  a  E ^  of 1.56 
V, undergoes a  variety  of nucleophilic additions in  th e  presence of 1-CN.80 
Irrad ia tion  of a  so lu tion  of no rbom adiene an d  1-CN in  a  w ate r and  
acetonitrile  m ix ture gave 56% of A an d  39% of B while irrad iation  of th e  two 
in  m ethano l gave 33% of C, 33% of D, an d  10% of E  (Fig. 17). The 
m echan ism  proposed involves th e  reaction  of no rbom adiene  w ith  the
excited s ta te  of 1-CN to give a  singlet ion pair consisting  of the  radical 
cation  of no rbom ad iene  (1) and  the  radical an ion  of the  sensitizer. With the  
p resence of w ater or m ethanol, the  cation will undergo nucleophilic a ttack  
form ing an o th e r rad ical (2) w hich will th en  equilibrate w ith two isom eric 
bicyclic rad icals . B ack electron tran sfe r of these  th ree rad icals from  the  1- 
CN an ion  radical will form the ir respective bicyclic carbanions. Q uenching 
of the  carban ions via a  proton tran sfe r from  the  solvents will yield the  
observed p roducts.
Figure 17: Photoinduced Addition of Nucleophiles to 
N o rb o m ad ien e .
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A sim ilar m echanism  is found in the  photochem ical tran s  to cis 
isom erization of 1,2-diphenylcyclopropanes using  several electron 
w ithdraw ing su b stitu ted  naph thalenes, including 1-cyanonaphthalene, as 
photosensitizers (Fig. 18).71
Figure 18: Photoinduced Isom erization of 1,2-Diphenyl- 
C yclopropanes.
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W hen 1-CN h as  been irradiated  in the  presence of t r a n s -1.2- 
diphenylcyclopropane, form ation of a  singlet radical ion p a ir  (X) involving 
the  radical anion of th e  sensitizer and  the  radical cation of th e  cyclopropane 
is observed. Here, th e  cyclopropane ring rem ains in tac t since the  electron 
h as  been tak en  from one of the ad jacen t phenyl groups. This radical ion 
pair can  either deactivate by back  electron tran sfer to reform  the tran s
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isom er or cleave to  form an o th e r rad ical ion pair (Y) consisting  of the  radical 
an ion  of the  sensitizer an d  a  ring-opened radical cation. The m ain  decay 
pathw ay  for th is  ion p a ir involves a  back  electron tran sfer to produce a 1,3- 
b irad ical (Z) of th e  form er cyclopropane and  the  ground s ta te  form  of the 
sensitizer. Rapid ring  closure of the  biradical accoun ts for th e  production 
of bo th  th e  cis an d  tra n s  isom ers. Cycloaddition reactions have also been 
successfu lly  catalyzed u sing  1-cyanonaphthalene as a  photo-induced 
sensitizer. For exam ple, fu ran  (A) h as  been added to several electron rich 
arom atic  olefins in th e  presence of 1-CN (Fig. 19).76 Irrad iation  of a  m ixture 
of A, B, an d  1-CN in acetonitrile gives th ree  prim ary cycloadducts; C (35%), 
D (20%), an d  E (10%).
Figure 19: P hotoinduced Addition of F u ran  to Electron- 
Rich Olefins.
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The proposed m echanism  involves electron transfer from B to the 
excited singlet of 1-CN to give a  radical ion pair consisting of the radical 
an ion  of the sensitizer and  the  radical cation of B. This is soon followed by 
a  nucleophilic a ttack  by A on the  cation of B which resu lts in the  form ation 
of a  rad ical heterodim er cation (AB+). Upon back electron tran sfe r w ith the 
rad ical anion of 1-CN, the  th ree corresponding crossadducts are  formed.
There are m any o ther exam ples of cyano-arom atic com pounds th a t 
a re  u sed  as photosensitizers in a  variety of organic reactions. However, 
s tu d ies  th a t  com bine these sensitizers w ith the un ique inclusion  properties 
th a t  cyclodextrins can  provide have no t been attem pted. It is the  hope of 
th is  research  to design a  cyanonaphthyl-tethered p-cyclodextrin to  ac t as 
a  very un ique h o st w ith the  possibility of photoinduced electron-transfer 
sensitization  for a  variety of included guests.
EXPERIMENTAL METHODS
3 7
General Methods:
an d  13C NMR were obtained using  a  GE QE-300 Spectrom eter. Thin 
Layer C hrom atography w as carried ou t on 0.25 m m  (60F-254) precoated 
silica p la tes (Baker); spo t detection w as seen using  an  ultraviolet lam p and  
s ta in ing  w ith a  vanillin solution (Baker). F lash  reverse-phase colum n 
chrom atography  w as done w ith B aker RP-18 silica gel. P reparative High 
Perform ance Liquid C hrom atography w as perform ed on a  W aters 244 
system  equipped w ith a  UV detector a t  254 nm  and  a  W hatm an M agnum  
20 colum n packed w ith ODS-3. Analytical HPLC w as perform ed on a  
W aters 600E  system  equipped w ith a  variable wavelength absorp tion  
detector se t a t 254 or 320 nm  and  a  W hatm an ODS-3 colum n. Melting 
poin ts were obtained  on a  M eltemp capillary m elting po in t ap p a ra tu s  and  
are  uncorrected . 1-N aphthoic acid w as p u rch ased  from  Aldrich. (5- 
cyclodextrin w as provided by Amaizo.
5-Bromo-l-naphthoic acid:
A 25 .0  g sam ple (0.144 mol) of 1-naphthoic acid w as dissolved in glacial 
acetic acid (200 mL). Brom ine (10 mL, 0 .194 mol) w as added slowly over 
a  period of one h o u r w ith gentle heating  and  stirring. A yellow solid 
sep ara ted  du ring  the  addition, and  the  m ixture w as heated  to  reflux for
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an o th er two hou rs. After cooling, the solid w as collected by B uchner 
filtration and  th en  reciystallized once from acetic acid to afford 5-brom o-1- 
naph tho ic  acid (24.4 g, 0 .097 mol, 67% yield, m p 255-257°C) after drying 
in vacuo. The p roduct w as assum ed  to be pure enough for fu rther use.
5-Bromo-l-hydroxymethylnaphthalene:
A 500 mL, two-neck, round-bottom  flask w as equipped w ith a  Soxhlet 
ex tractor su rm oun ted  by a  Friedrichs condenser u n d er CaCLj diying. A 
10.0 g sam ple (0.0398 mol) of 5-brom o-1-naphthoic acid w as placed in a  
p ap er thim ble in the  Soxhlet. EtjO  (100 mL) w as added to th e  flask and  3.1 
g (0.0797 mol) LiAlH4 w as added to the  Et^O cautiously. A nother portion 
of EtjO  (100 mL) w as then  added to the  flask and  the  m ixture w as refluxed 
overnight. The system  w as then  cooled, and  the  reaction m ixture w as 
quenched  w ith ethyl aceta te  (32 mL, 0 .3187 mol), HaO (50 mL), and  finally 
concen trated  HC1 (50 mL) w as added to dissolve all of the  a lum inum  salts. 
The m ixture w as transferred  to a  separatory  funnel, and  th e  e th er layer was 
separated . The aqueous layer w as extracted w ith EtjO  (3 X 50 mL). The 
e th er ex tracts were com bined, dried over N aS04, an d  concentrated  in 
vacuo .
This procedure w as repeated  on the  rem aining 5 -brom o-1-naphthoic 
acid yielding altogether 22.3 g (0.0940 mol, 97% yield, m p 118- 120°C) of 5- 
b rom o-1 -hydroxym ethylnaphthalene.
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'H  NMR (CDC13): 6 8 .24  (dd. 1H, J=  2.8, 6 .9  Hz), 6 8 .08 (d, 1H, J=  8.5 Hz), 
6 7 .80  (d, 1H, J=  7.2 Hz), 8 7.53- 7.55 (m, 2H), 8 7 .36 (dd, 1H, J=  7.8, 7.9 
Hz), 6 5.11 (s, 2H).
5-Bromo-1 -naphthalenecarboxaldehyde:
A 12.0 g sam ple (0.0506 mol) of 5 -b rom o-1 -hydroxy-m ethylnaphthalene 
w as dissolved in  m ethylene chloride (50 mL) in a  300 m l round-bo ttom  
flask  equipped w ith a  reflux condenser u n d e r an  oil bubbler. Pyridinium  
ch lorochrom ate (PCC) (15.0 g, 0 .0698 mol) in m ethylene chloride (100 mL) 
w as added  to  th e  flask. The m ix ture w as hea ted  to  reflux for 1.5 hou rs, 
an d  th en  allowed to cool to room  tem peratu re . A b lack  solid collected on 
th e  bo ttom  of th e  flask. Ei^O (50 ml) w as added to th e  m ixture, an d  the  
liquid w as tran sferred  to  a  separa to ry  funnel. The PCC residue  w as w ashed  
w ith EtjO  (3 X 50 mL), an d  th e  w ashings were added to  th e  funnel. The 
e th e r layer w as w ashed  w ith a  5% NaOH solution (3 X 100 mL), a  5% HC1 
so lu tion  (100 mL), an d  a  sa tu ra ted  aqueous N aH C03 (100 mL). The e ther 
layer w as dried over M gS04 an d  th e n  concen trated  in vacuo . The aldehyde 
w as recrystallized from  EtOH an d  HaO.
The procedure w as repeated  u n til all of th e  in itial 5 -b rom o-1- 
hydroxym ethy lnaph thalene w as oxidized to  give 10.75 g (0.0457 mol, 49% 
yield, m p 89-92°C) of 5 -b rom o-1-naph thalenecarboxaldehyde. !H NMR 
(CDC13): 6 10.39 (s, 1H), 6 9 .26 (d, 1H, J=  8.6 Hz), 6 8 .58 (d, 1H, J=  8.5 Hz),
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6 8 .04  (d, 1H, J=  6.9 Hz), 6 7.90 (d, 1H, J= 7.6 Hz), 6 7.74 (dd, 1H, J= 7.2, 
8 .4  Hz), 6 7.52 (dd, 1H, J= 8.4, 8.4  Hz).
5-Cyano-1 -naphthalenecarboxaldehyde:
A 6.0 g sam ple (0.0255 mol) of 5-brom o-1-naph tha lene­
carboxaldehyde w as mixed w ith 3.43 g (0.0380 mol) of CuCN in 
dim ethylacetam ide (DMAC) (250 mL) in a  250 mL round-bottom  flask and  
hea ted  to  reflux overnight. The DMAC w as removed by distillation until 
approxim ately 25 mL rem ained in the  flask. The rem aining h o t m ixture 
w as poured  over a  solution of 100 mL each of concentrated  NH4OH an d  ice. 
This m ixture w as transferred  to a  separatory  funnel, and  the  aqueous layer 
w as extracted w ith E ^O  (500 ml) un til all solid was in solution. The e ther 
layer w as th en  w ashed w ith 5% HC1 (100 mL), dried over M gS04, and  
concen trated  in vacuo . The aldehyde was recrystallized from CH3OH and  
HaO.
This procedure w as repeated un til all of th e  5-b rom o-1- 
naphthalenecarboxaldehyde w as cyanated to  give 3.98 g (0.0220 mol, 48% 
yield, m p 178-180°C) of 5 -cyano-1-naphthalenecarboxaldehyde. *H NMR 
(CDC13): 6 10.39 (s, 1H), 6 9 .58 (d, 1H, J= 8.7 Hz), 6 8 .54  (d, 1H, J=  8.5 Hz). 
6 8 .14 (d, 1H, J= 7.0 Hz), 6 8 .04 (d, 1H, J= 7.0 Hz), 6 7.89 (dd. 1H, J=  7.6, 
8.1 Hz), 6 7.76 (dd, 1H, J= 8.2, 7.7 Hz).
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5-Cyano-1 -naphthalenecarboxaldehyde p-toluenesulfonyl-hydrazone:
A 2.1 g sam ple (0.0113 mol) of p-toluenesulfonyl-hydrazine was mixed 
w ith punctilious EtOH (15 mL). As the  slu rry  was stirred , 2.0  g (0.0110 
mol) of 5 -cyano-1-naphthalenecarboxalbehyde w as added rapidly. The 
m ixture w as heated  un til the aldehyde dissolved, and  th en  it w as allowed 
to cool. W ithin a  few m inutes, the tosylhydrazone began to  ciystalize. After 
15 m inutes, the  flask w as placed in an  ice-bath. The p roduct w as collected 
by B uchner filtration and  w ashed w ith sm all am ounts of cold EtOH. This 
procedure w as repeated un til all of the 5-cyano-1 -naphthalenecarbaldehyde 
w as converted yielding 5.8 g (0.0166 mol, 75% yield, m p 183-185°C) of 5- 
cyano-1 -naphthalene-carboxaldehyde p-toluenesulfonylhydrazone. !H NMR 
(CDC13): 6 8 .97 (d, 1H, J= 8.7 Hz), 6 8 .30 (s, 1H), 6 8.26 (d, 2H,
J= 4 .0  Hz), 6 7.95 (dd, 3H, J= 6.5, 7.8 Hz), 6 7.78 (d, 1H, J=  7.2 Hz), 6 7.53- 
7 .69 (m, 3H), 6 7 .34 (d, 1H, J= 7.8 Hz), 6= 2 .4  (s, 3H).
1 -(5-Cyanonaphthyl)diazomethane:
Sodium  (0.6 g, 0.0261 mol) w as reacted w ith ethylene glycol (25 mL) 
hea ted  to 70°C. The tosylhydrazone (5.6 g, 0 .0290 mol) w as added, and  the  
so lution stirred  vigorously for 5 m inutes. The m ixture w as th en  cooled in 
an  ice-bath  an d  E ^O  (15 mL) w as added, and  th e  layers were stirred  
vigorously. The e th er layer w as th en  removed by pipet. The above
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procedure  w as repeated  four m ore tim es. The e ther ex tracts were com bined 
to  give a  so lution of l-(5-cyano-naphthyl)diazom ethane (0.0116 mol, 
a ssu m in g  a  70% yield).
Inclusion of l-(5-cyanonaphthyl)diazomethane with 
p-cyclodextrin:
A solu tion  of l-(5-cyanonaphthyl)diazom ethane in E t ,0  w as placed 
above a  0 .04  M solu tion  of p-cyclodextrin (19.8 g, 0 .0174  mol) in an  ice 
b a th . A s tream  of N2 w as directed over the  e ther layer. The so lu tion  w as 
s tirred  vigorously, an d  sm all am o u n ts  of Et^O were added periodically u n til 
all of th e  diazo com pound w as complexed (3 hours). The p ro d u c t w as 
iso lated  by B u ch n er filtration and  dried in vacuo yielding 7.2 g of the 
com plex. A sam ple w as analyzed by *H NMR and  ind icated  a  g u e s t/ p- 
cyclodextrin ra tio  of 1 .6 / 1. lH NMR (DMSO- dg): 6 8 .26 (d, 1H,
J=  8 .6  Hz), 6 8 .14  (d, 1H, J=  7 .0  Hz), 6 7.70- 7.75 (m, 2H), 6 7.61 (dd, 1H,
J=  7.8, 7 .9 Hz), 6 7 .22 (d, 1H, J= 6 .4  Hz), 6 6 .66 (s, 1H).
D ecom position of the l-(5-cyanonaphthyl)diazom ethane/ p-
cyclodextrin complex:
The com plex (7.2 g) w as decom posed a t 180°C for 10 m inu tes, an d  a
color change from  peach  to  w hite w as observed. The p ro d u cts  w ere stirred
in  HaO, an d  the  so lu tion  w as continuously  ex tracted  w ith Et^O overnight.
The aqueous layer w as th e n  dried in vacuo to give 4 .8  g of p roducts.
Analysis of Aqueous Products:
Flash Reverse Phase Chromatography:
Sm all portions (ca. 1.2 g) of the w ater soluble p roducts were subjected  
to  flash  reverse-phase chrom atography using  the  following g rad ien t elution:
Fraction: %CHoCN: Volume:
1 1 200  mL
2 2 100
3 4 100
4 6 100
5 8 100
6 10 100
7 15 100
8 20 100
9 30 100
10 40 100
11 50 100
12 60 200
This process w as repeated  u n til the  entire m ass of w ater soluble 
derivatives h ad  been processed. The fractions were th en  analyzed by th in  
layer chrom atography  an d  those  fractions containing th e  desired  p roducts  
w ere co ncen tra ted  in vacuo to give 0 .15 g (3.1% yield).
High Performance Liquid Chromatography:
P roducts ob tained  from  th e  flash  colum n were fu rth e r isolated and  
purified  by preparitive HPLC u sin g  a  program  elu tion  of 10% to  33% 
CH3CN / H20  over a  period of 30 m inu tes. F our peaks of in te re s t were 
observed, collected, an d  dried in vacuo (Peak A: 8 mg, Peak B: 70 mg, Peak 
C: 3 mg, Peak D: 1 mg). S eparation  w as verified by analy tical HPLC using  
a n  elution g rad ien t of 10% to 50% CH3CN/ H20  over 40 m inu tes.
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Figure 20: ‘H NMR of 5-Bromo- 1-hydroxym ethylnaphthalene.
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Figure 21: ‘H NMR of 5-B rom o-1-naphthalenecarboxaldehyde.
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Figure 22: 1H NMR of 5 -Cyano- 1-naphthalenecarboxaldehyde.
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Figure 23: !H NMR of 5 -C yano-1-naphthalenecarboxaldehyde 
p-to luenesulfonylhydrazone.
CJ
24: !H NMR of l-(5 -C yanonaphthyl)d iazom ethane/ 
(5-Cyclodextrin Inclusion Complex.
RESULTS AND DISCUSSION
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M uch of th is research  project focused on the  synthesis of 5-cyano-1- 
naphthalenecarboxaldehyde. This molecule could then  be tethered to p- 
cyclodextriri to produce an  effective photoinduced electron-transfer 
sensitizer for various com pounds included w ithin the  cyclodextrin 
cavity.
Since no litera tu re  w as found concerning the  cyano-naphthyl 
derivative, a  general synthetic schem e was devised. It began with 
halogenation a t th e  5 position of 1-naphthoic acid, followed by substitu tion  
of the  halide w ith cyanide, and  finished with a  reduction of the  acid to the 
corresponding aldehyde. From  the aldehyde, the  tosylhydrazone could be 
synthesized, and  the  sodium  sa lt could be pyrolyzed to the  corresponding 
diazo com pound. Decomposition of th is dlazo would form a  carbene 
in term ediate, and  in the  presence of p-cyclodextrin, would th en  form the 
e th er te ther.
Initially, 5-chloro-1-naphthoic acid was synthesized, b u t subsequen t 
cyanations or reductions gave a  m ixture of p roducts in  poor yields.
B etter resu lts  were achieved by brom ination of the  1-naphthoic acid. 
The m ethyl ester derivative w as m ade before the  cyanide su bstitu tion  since 
direct cyanation of the  acid would resu lt in reaction w ith the  acidic proton 
to  expel HCN. Cyanation of the  brom o-ester w as th en  attem pted  using  the
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m ethod of R osem und an d  von B raun, a  nucleophilic arom atic substitu tion  
of the  aiy l brom ide in the  presence of CuCN to form the aiyl nitrile. A 
general m echanistic  description of the copper-prom oted nucleophilic 
su b stitu tio n  involves an  oxidative addition of the aryl halide a t Cu(I) 
followed by the  collapse of the  organocopper (III) interm ediate w ith a  ligand 
tran sfe r to form the  nitrile (Fig. 20).83'85
Figure 25: R osem und-von B raun  Reaction M echanism .
A r-X  + Cu(I)Z -► Ar—Cu(III)—Z — Ar-Z + CuX 
X
X ~ h a lid e  
Z  = n u c le o p h ile
Again, since CuCN easily ab strac ts  protons to  evolve HCN gas, a  relatively 
basic and  high boiling solvent w as chosen. DMAC (dim ethylacetam ide) was 
fractionally distilled and  stored  over m olecular sieves p rior to  use . In 
addition, the  brom o-aldehyde w as thoroughly dried in  vacuo . NMR 
show ed a  n ea r com plete cyanation, and  yields around  50% were reasonable 
as  they  were w ithin the  ranges found in literature.
At th is  point, reduction  of the  ester group to the  corresponding aldehyde 
w as a ttem pted  w ith DIBAL (diisobutyl alum inum  hydride) in to luene a t - 
70°C. NMR confirmed the  presence of the  aldehyde, b u t a  larger 
percentage of the  corresponding alcohol and  trace  am oun ts of the
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dialdehyde s tru c tu re  were also Indicated. It was surm ised  th a t the  DIBAL 
did no t reac t a t low tem perature, b u t only w hen the reaction m ixture was 
w arm ed. U nder these  conditions, the ester would react to form the 
aldehyde which would th en  be reduced to the alcohol. The nitrile would 
also reac t u n d er these conditions. The presence of the  dialdehyde 
derivative also prom pted a  change in the order of syn thesis to be tter protect 
th e  cyano group. As before, 1-naphthoic acid w as brom inated  a t the  5 
j position followed by esterification of the  acid. Two equivalents of DIBAL a t
Jr
room  tem peratu re  reduced the brom o-ester to the corresponding alcohol, 
w hich w as th en  oxidized using  PCC (pyridinium chlorochrom ate) to  form 
the  aldehyde. PVPDC (polyvinylpyridinium dichrom ate) w as first u sed  as 
the  oxidant since it offered a  sim pler work-up, b u t in th is in stance  only 
trace  am oun ts of the  aldehyde were detected. C yanation of the  bromo- 
aldehyde w as again successfully accom plished via the  Rosem und-von 
B raun  m ethod.
An alternative sh o rte r syn thesis was th en  proposed and  tested  th a t 
involved reduction  of the  brom o-acid to the  corresponding alcohol using  
LiAlH4, th u s  elim inating the esterification and  the  DIBAL reduction. Using 
su ch  a  strong  reducing  agent w as no longer a  problem  since the  cyanation 
w as now done sifter th e  reduction. Previously, w hen the  cyanation w as 
com pleted before the  reduction, u sing  L1A1H4 would have reduced the  cyano 
group to its corresponding am ine. This new synthetic rou te  proved to  be
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su ccessfu l and  provided an  increase in the  am oun t of cyano-aldehyde 
produced  due to the  elim ination of one step.
The diazo derivative of 5 -cyano- 1-naphthaldehyde w as generated  via 
pyrolysis of the  tosylhydrazone sodium  sa lt in ethylene glycol. *H NMR 
show ed a  negligible am oun t of azine form ation w hich h as  been a  m ajor side 
p ro d u ct in previous pyrolysis s tud ies by th is  m ethod.
Inclusion  of the  cyano-naphthyl diazo com pound w ith p-cyclodextrin 
w as accom plished th rough  vigorous stirring  of an  etherial so lu tion  of the  
diazo com pound over an  aqueous p-CD solution. The e th er ac ts  as  a  p h ase  
tran sfe r  agen t for the  system  an d  w as added in sm all am o u n ts  over tim e to 
prom ote tho rough  mixing. B etter resu lts  were achieved w hen  acetone w as 
u sed  in stead  of ether. The system  w as usually  allowed to  s tir  for several 
h o u rs  u n til com plexation betw een the  orange of the  diazo an d  th e  cream  of 
th e  CD produced  a  hom ogeneous peach colored m ixture.
Diazo incorporation  w as m easu red  by *H NMR using  DMSO-d6 as the  
solvent. In solution, th e  com plex is separa ted  into free cyclodextrin and  
free diazo, an d  th e  ra tio  of g u es t to  h o st can  be determ ined by exam ining 
th e  ra tio  of in tegrated  in tensities of th e  signals for th e  arom atic an d  the  
anom eric p ro tons. The sp ec tru m  indicated  th a t  th e  g u es t to  h o s t ra tio  w as 
1.6 : 1.
The diazo com pound in th e  com plex w as decom posed th ro u g h  pyrolysis
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a t  180°C. C arbenes readily form un d er these conditions via the loss of N2. 
A noticeable color change of the complex from peach to white after 
approxim ately 10 m inu tes of heating  and  stirring  w as noted, a  good 
indication of diazo decom position.
Ideally, the  carbene will react with the  p-CD, b u t they  m ay also 
rearrange or reac t w ith other species. In order to sep ara te  these 
undesirab le  p roducts from the w ater soluble p-CD derivatives, a  continuous 
e th er extraction w as perform ed over a  period of 48 hours. The derivatives 
bearing  arom atic groups were separated  from p-CD using  flash reverse- 
p h ase  chrom atography and  detected using  th in  layer chrom atography. 
F u rth e r isolation and  separation  was done through  preparative reverse- 
p hase  HPLC an d  the  separation  w as confirmed by analytical reverse-phase 
HPLC. Detection w as enhanced  on the  la tter u sing  a  w avelength absorption 
se tting  of 325 nm , w hich h as  been found to be m ore su itab le  for cyano- 
naph th a len e  com pounds. Three d istinct peaks (and one sm aller peak) were 
detected on both  the  preparative and  analytical HPLC system s, b u t w hen 
the  th ree  were isolated, only the  first proved to be su b stan tia l.
C arbene insertion  into p-cyclodextrin can  occur a t one of th ree different 
hydroxyl groups (C2-OH, C3-OH, or C6-OH) m aking th ree  regioisomers 
possible. Pyrolysis of the  inclusion complexes of th is  p articu la r com pound 
seem ed to indicate only production of one of these  isom ers. From  p as t 
stud ies, it h as  been show n th a t products isolated from  the  initial eluted
5 4
peak  correspond to  p roducts formed from insertion into the  C3 hydroxyl. 
13C NMR can  usually  identify the  isom ers separated  by HPLC, b u t a 
significant difficulty w as encountered  in finding a  su itab le solvent and  NMR 
resu lts  proved to be inconclusive.
CONCLUSION
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5 -C yano-1-naphthalenecarboxaldehyde was synthesized and  a  
re la tiv e ly  s ta b le ,  so lid  in c lu s io n  co m p lex  of l- (5 -c y a n o -  
naphthybdiazom ethane w ith p-cyclodextrin was m ade. The complex was 
therm ally  decom posed and  extracted with ether to isolate the  w ater soluble 
host-guest p roducts. The regioselectivity of the products w as analyzed by 
HPLC and  NMR. Although NMR resu lts proved to be inconclusive, HPLC 
resu lts  in com parison to previous studies (particularly  those from a 
com plex form ed from inclusion of 2-(6-cyanonaphthyl)- d iazom ethane with 
p-CD) indicate th a t  C-3 insertion w as favored, nearly  exclusively. These 
resu lts  are  also consisten t w ith previous stud ies in  w hich 1- and  2- 
naph thy l te th ers  to  p-cyclodextrin also favor the  C3 hydroxyl.
D ue to the  u n u su a l binding strength  of th is cyanonaphthyl-te thered  
CD in solution, the  corresponding separation  and  identification techniques 
proved difficult, b u t also m ay indicate the presence of a  very powerful host. 
It is the  hope th a t fu rth e r stud ies of th is com pound will explore 
energetic considerations of th is un ique complex.
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